ABSTRACT: Calorimetric measurements of the adsorption enthalpy of gaseous oxygen (O 2,g ) to make two oxygen adatoms (2 O ad ) on Pt(111) were performed by Fiorin et al. 1 However, we show that they used a calibration value for the optical reflectivity of Pt(111) that was incorrectly reported in the literature. This error in reflectivity led to a 40% error in the adsorption energies originally reported. We use our more accurate reflectivity of 76% to recalibrate their oxygen adsorption enthalpy data and show that it gives nearly identical results below 0.15 ML to the heats of adsorption determined from the temperature programmed desorption (TPD) experiments of two separate groups.
■ INTRODUCTION
Elegant measurements of the adsorption enthalpy of O 2,g to make 2 O ad on Pt(111) were performed using single crystal adsorption calorimetry (SCAC) by Fiorin et al. 1 We show here that there was a calibration error in those measurements due to an incorrect value for the reflectivity of Pt(111) taken from the literature, which led to a 40% error in those adsorption enthalpies. We correct those adsorption enthalpies here, and show that, when corrected, they agree with TPD measurements by Campbell et al. 2 and Parker et al. 3 at low coverages and differ only when the error in SCAC becomes large at high coverage due to the very low sticking probability. In our previous study of the heat of formation of adsorbed hydroxyl (OH ad ) on Pt(111), 4 it was produced by dosing water vapor to O ad , and therefore the adsorption enthalpy of O ad from Fiorin et al. 1 was used to extract the enthalpy of formation and Pt−O bond enthalpy for OH ad . Because that value for the adsorption enthalpy of O ad is shown here to have a large error, we report here also corrections to our earlier values for the enthalpy of formation and Pt−O bond enthalpy for hydroxyl species on Pt(111) and use these values to estimate the reaction enthalpies for several reactions involving OH ad on Pt(111). Finally, we compare all these enthalpies to new DFT calculations reported here and to previous DFT calculations.
■ EXPERIMENTAL AND THEORETICAL METHODS
All experimental results presented here are from previous publications and cited as such. The experimental methods are outlined thoroughly in those citations. Here, we re-evaluate some of the energies and enthalpies presented in those articles as described in detail in the Results section below.
DFT calculations were performed using the GPAW code, 5 and the RPBE functional 6 including zero-point energy (ZPE) corrections, with a grid spacing of 0.18 Å. Surfaces were modeled by four layers, where the two bottom layers were fixed to their bulk positions while the top two layers and the adsorbates were allowed to relax. It was shown previously that adsorption energies do not change significantly when using more layers (up to six). 7 A k-point sampling of 4 × 4 × 1, and 2 × 2 × 1 was used for slabs consisting of 2 × 2 and 3 × 3, and 4 × 4 and 6 × 6 Pt atoms in the x and y directions, respectively. 10 almost identical to the value we measured (below).
■ RESULTS

Enthalpy of
From integrating-sphere measurements, we found the reflectivity of Pt(111) to be 76%, 11 very close to the value independently measured by Fischer-Wolfarth et al. 8 If we use our more accurate reflectivity of 76% to recalibrate the oxygen adsorption enthalpy data originally reported by Fiorin et al., we obtain the corrected results versus coverage shown in Figure 1 . For comparison, we show the heat of adsorption as determined from activation energies for desorption of oxygen from Pt(111) measured in TPD experiments by two separate groups (Campbell et al. 2 and Parker et al. 3 ) with nearly identical results. Here, we assume that the activation barrier for adsorption is negligibly small (as indeed reported 3 ), but add the required correction of 1 / 2 RT (where T is the desorption temperature) described elsewhere. 12 Note the near perfect agreement between the corrected calorimetric heats of adsorption and those determined by TPD below 0.15 ML. This same correction in reflectivity applied to the calorimetric heats of adsorption for CO on Pt(111) measured by that same group also led to near perfect agreement with our own more recent calorimetric measurements for CO on Pt(111) with Fischer-Wolfarth et al. 8 For O 2 , the difference that arises above 0.15 ML in Figure 1 is likely because the sticking probability of O 2 on Pt(111) drops rapidly to <0.05 at ∼0.15 ML making it very difficult to accurately measure adsorption energies by calorimetry. Given this, we propose that the most reliable values for the adsorption enthalpy of oxygen on Pt(111) are those presented in Figure 1 derived from those TPD experiments 2, 3 rather than the more recent calorimetry data except below 0.15 ML where they agree after this calibration correction (but were approximately 40% too high as originally reported). 1 We calculated oxygen adsorption enthalpies on Pt(111) for different coverages ranging from 1 / 36 ML to 1 full ML using DFT, with O ad always in 3-fold hollow sites and at the greatest possible O−O separations. The energy of gas-phase O 2 , for which the RPBE functional performs poorly, was calculated using the DFT energies for H 2 and H 2 O and the literature value for the reaction energy for 2 H 2 + O 2 → 2 H 2 O, as described elsewhere.
13 Figure 1 shows the integral enthalpies of adsorption for O 2 on Pt(111) by DFT up to 1/2 ML. These and higher coverage values are also listed in Table 1 . These calculated enthalpies of adsorption extrapolate to −237 kJ/mol in the low-coverage limit but decrease with coverage to −217 kJ/mol at 1 / 4 ML and −163 kJ/mol at 1/2 ML. (Note that the integral adsorption enthalpies oscillate slightly with coverage in the low coverage regime. The differential values presented here were calculated by the best-fit curve through these integral adsorption enthalpies, shown in Figure 1 .) As seen, these heats are ∼20 kJ/mol larger than the experimental heats by TPD below 1 / 4 ML. Getman and Schneider 14 also calculated coverage-dependent adsorption energies for oxygen on Pt(111) using DFT. Their results were ∼18 kJ/mol higher than our DFT results presented in Figure 1 but otherwise produced a nearly identical trend in adsorption enthalpy versus coverage. The small difference may be associated with differences in the details of the calculation method and/or ZPE corrections.
Using the Corrected Adsorption Enthalpy for O ad to Revise the Energetics of the (H 2 O−OH) ad Complex and Related Hydroxyl Species on Pt(111). In our previous study of the heat of reaction of D 2 O with oxygen-dosed Pt(111), a thermodynamic cycle was constructed using measured reaction kJ/mol in the gas phase resulting in a difference of 2.6 kJ/mol in the heat of formation for each OH bond in the products (with OH species being less stable than the corresponding OD species). This implies that the standard heats of formation of the coadsorbed (H 2 O−OH) complex and adsorbed OH should be smaller than their D analogues by 7.8 and 2.6 kJ/mol, respectively. Values for these H isotope species calculated from the D isotope results using these zero-point corrections are also listed in Table 1 .
Experimental values for isolated OH ad and H 2 O ad are also listed in Table 1 . These were estimated from the experimental values for their high-coverage structures described above, by correcting for the energy change with coverage estimated from the DFT values listed in Table 1 (discussed below). This was necessary because these species form islands of these highcoverage structures even at low coverage, so low local coverage is not experimentally accessible. Finally, Table 1 also includes a value for the hydrogen adatom, which was experimentally measured at low local coverage. 4 Figure 1 ) and the Thermodynamic Cycle of Figure 5 1 ). Values for OD ad and OH ad were estimated from the values for the corresponding hydroxyl−water complex assuming that the water in this complex has the same heat of formation as the most stable structure of a pure water adlayer, as describe in ref 4 . Conversion of experimental enthalpies, which were all for the D isotope, to the H isotope used the known difference in zero-point energies, as described in text. Also listed are the values calculated using DFT. These heats for O ad at 1 / 4 ML and less were taken from the best-fit curve through the more numerous DFT data points shown in Figure 1 , which extend down to 1 / 36 ML (i.e., one O ad per 6 × 6 unit cell) and were thus extrapolated to get this zero-coverage limit.
DFT Estimates of the Formation Enthalpies of the (H 2 O−OH) ad Complex and Hydroxyl Species on Pt(111).
b The bond enthalpies listed here for O ad are the entire O−Pt(111) bond enthalpy, which sums the bonding to three Pt atoms because O ad sits in a 3-fold hollow site. 22 We use here the known standard heat of formation of O g of +249.2 ± 0.1 kJ/mol. 23 Bond enthalpies for adsorbed hydroxyl and water to Pt(111) are defined here to include all adsorbate−adsorbate interaction energies. The experimental values for isolated adsorbates are written in parentheses here because they were estimated by correcting the measured value for the high-coverage case by adding the energy difference between this and the low-coverage limit as estimated by DFT. kJ/mol after subtracting the enthalpy of adsorbed water to estimate the heat of formation of the OH ad within this (H 2 O− OH) ad complex. Note that our calculations of OH ad in a water environment on Pt(111), using this same DFT method, were also found to be in good agreement with electrochemical measurements of the oxygen reduction reaction on Pt(111). 17, 18 Our calculated DFT adsorption energy for highcoverage H 2 O is for a √3 structure at 2 / 3 ML, which is known to give a DFT adsorption energy very close to that in the more complex, slightly higher-coverage (√39 × √39)R16.1°s tructure. 19 This DFT value in Table 1 gives high-coverage H 2 O ad to be ∼24 kJ/mol less stable than the experimental value.
Experimental values for isolated adsorbates could not be measured but are available with DFT. To provide our best estimate of experimental values in the low-coverage limit, the measured values for the high-coverage cases described above were corrected by adding the energy difference between this structure and the low-coverage limit as estimated by DFT, shown in parentheses in Table 1 .
Estimates of O−Pt(111) Bond Enthalpies for Surface O, OH, and H 2 O, and Comparisons to DFT. 
The values listed above were calculated using the experimental values of ΔH o f for each adsorbate in its most stable structures, which for O ad and H ad are the low-coverage limits, but for H 2 O ad is its high-coverage structure and for OH ad is in the (H 2 O−OH) ad complex. These elementary steps have been proposed to take place in many important catalytic reactions over Pt. Note that reactions 1 and 2 are rather endothermic and therefore probably rather slow steps in these catalytic mechanisms. Table 2 summarizes these reaction energies, and compares them to values based on DFT energies and values for the adsorbates in their low-coverage limit, estimated as described. The energy for reaction 1 is accurately estimated with DFT, but reaction 2 is less uphill by 27 kJ/mol, and reaction 3 is estimated to be 14 kJ/mol exothermic by DFT, but 12 kJ/mol endothermic experimentally.
The reaction energies in Table 2 can also be compared to earlier DFT calculations by Mavrikakis's group, who found the following energies for reactions 1 through 3 at 1 / 4 ML coverage of 50, 15, and −36 kJ/mol, respectively. 21 These values are near the average of those calculated here for the two coverage conditions in Table 2 .
■ CONCLUSIONS
Calibration-corrected calorimetric heats of O 2 adsorption on Pt(111) using the more accurate reflectivity of 76% are nearly identical to the heats of adsorption determined from TPD experiments below 0.15 ML. 2, 3 These corrected adsorption enthalpies were used to amend the energetics of hydroxyl species on Pt(111) that we previously measured 4 giving revised values for the standard enthalpies of formation of the coadsorbed (H 2 O−OH) complex of −503 ± 7 kJ/mol. From this, we estimate a O−Pt(111) bond enthalpy in adsorbed hydroxyl of 248 ± 7 kJ/mol within this complex. This value is an upper bound, because it assumes that the H-bonding interactions between OH ad and H 2 O ad are the same in the complex as in a pure H 2 O adlayer, but the very fact that OH ad and H 2 O ad combine into a stable 1:1 complex proves they are more stable in the complex. Using the difference in DFT values a These reaction enthalpies were calculated from the heats of formation of all the adsorbates in two situations with respect to surface coverage: in their lowest-coverage state and in their most stable situation, which for H 2 O ad corresponds to the high-coverage pure water adlayer and for OH ad corresponds to its presence in the coadsorbed (H 2 O−OH) complex assuming that the water in this complex has the same heat of formation as in that most stable pure water adlayer. (Note that this most stable case is equivalent to replacing each OH ad in each reaction as written below with (H 2 O−OH) ad , and adding an H 2 O ad to the other side of the reaction, which is a more rigorous way to represent these reaction in that case.) The experimental values were only determined in this most stable situation. The experimental low-coverage limits are written in parentheses here, since they were estimated by correcting this ΔH o rxn value for the most stable case by adding the difference in ΔH o rxn between this and the low-coverage limit as estimated by DFT. for the O−Pt(111) bond enthalpies for OH ad of 217 kJ/mol within the (H 2 O−OH) complex (estimated with this same assumption) and of 179 kJ/mol for isolated OH ad to approximately correct this assumption gives an estimate of 210 ± 7 kJ/mol for the experimentally measured O−Pt(111) bond strength in isolated OH ad . These revised values are used to estimate reaction enthalpies for the dissociation of adsorbed water and hydroxyl on Pt(111). The DFT value for water dissociation is in good agreement, but the DFT value for OH ad dissociation is 27 kJ/mol less endothermic.
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